INTRODUCTION
Linear alkylbenzenesulphonate (LAS) (Fig. 1) is, apart from soap, the dominant surfactant in detergents worldwide (about 2·5 × 10 6 t year −1 , Schulze 1996) . Commercial LAS is a mixture of linear alkanes (C10 to C13) each subterminally substituted with a single (4-sulfophenyl) moiety, and this mixture is the synthetic chemical product whose biodegradation has been examined to the greatest extent by regulatory agencies from data supplied to them (Schöberl 1993) . Nevertheless, the use of LAS has been criticized on the basis of its non-degradability under anoxic conditions (Painter and Mosey 1992; Denger et al. 1996) , a point accentuated by the finding of LAS in the sediment of the Mississippi (Tabor and Barber II 1996) and the Rhine (Schöberl and Spilker 1996) . However, evidence for the existence of anaerobic bacteria able to cleave the C-SO 3 − bond in chemically nonreactive organosulphonates has been published recently (Chien et al. 1995; Denger et al. 1996; Denger and Cook 1997) . It has now been shown that the C-SO 3 − bond of LAS is subject to cleavage under anoxic conditions and that for the first time, anoxic desulphonation of arylsulphonates is found in Gram-negative bacteria.
MATERIALS AND METHODS

Materials
The samples of commercial LAS (Sirene 113 and Marlon A350) that were used were chromatographically identical (Kölbener et al. 1995) and were kindly provided by CONDEA Augusta (Milan, Italy) and Hüls (Marl, Germany). CON-DEA Vista (Austin, TX, USA) kindly provided the 3-(4-sulfophenyl)dodecane (3-C12-LAS) isomer, which was purified by P. Kölbener who also made available chromatographically pure 1-(4-sulfophenyl)undecane and 2-(4-sulfophenyl)butyrate. 1-(4-Sulfophenyl)octane was obtained from Aldrich (Steinheim, Germany). None of these chemicals had a significant sulphate content, as determined by a bioassay with bacteria that were unable to utilize the sulphonate but were uninhibited by it. Other chemicals were from sources indicated elsewhere (Denger et al. 1996; Denger and Cook 1997) .
Culture conditions
The enrichment cultures for the utilization of 60 mmol l −1 LAS as the sole source of sulphur for microbial growth under anoxic conditions in salts-medium containing several sources of carbon, and the subsequent isolation of strain RZLAS, were carried out using methods detailed elsewhere (Denger and Cook 1997) . Routine experiments under anoxic conditions were done in a sulphur-free, 10 mmol l −1 glucosesalts medium (Denger and Cook 1997) containing the relevant sulphur source. Enrichment cultures for the utilization of 1 mmol l −1 LAS as the carbon and electron source for denitrifying bacteria (Denger et al. 1997a) , or in a fermentation (Denger et al. 1997b) , were done using methods described previously. Growth under oxic conditions was examined in the salts medium of Laue et al. (Laue et al. 1996) .
Analytical methods
Arylsulphonates were determined by reversed-phase HPLC (Kölbener et al. 1995; Laue et al. 1996) . The apparatus was First publ. in: Journal of Applied Microbiology 86 (1999), 1, pp. 165-168 Konstanzer equipped with a diode array detector. The aromatic compounds of interest had absorption maxima near 260 nm, but these were negligible compared with the maxima at lower wavelengths. Protein in solubilized whole cells was assayed by a Lowry-type reaction. Routine microbiological methods have been described elsewhere (Gerhardt et al. 1994) .
RESULTS
Enrichment and isolation of strain RZLAS
Samples from the anaerobic digesters in two communal wastewater treatment plants (Konstanz and Radolfzell) were used as inocula for sulphur-limited enrichment cultures. Each culture grew within a week and was subcultured six times, by which time the cultures grew overnight. A pure culture, strain RZLAS, was isolated from the Radolfzell enrichment. In contrast, no growth was obtained in enrichment cultures for the dissimilation of LAS carbon.
Strain RZLAS grew under strictly anoxic conditions (0·5 mmol l −1 Ti(III)nitrilotriacetate in the medium and resazurine indicator colourless throughout) as a straight, nonspore-forming, motile rod (2-3 × 0·3 mm) which often formed chains. The organism was Gram-negative, oxidase-negative and catalase-negative. The organism was saccharolytic, utilizing glucose, mannose, saccharose, maltose, arabinose, cellobiose, mannitol or trehalose for fermentative growth with the production of acetate. Nitrate and sulphate were not reduced. Strain RZLAS was found to be facultatively anaerobic, producing acetate from glucose in the presence of excess sulphate in oxic medium. Strain RZLAS grew rapidly in oxic, 60 mmol l −1 sulphate-limited medium, but it did not utilize 3-C12-LAS under these conditions.
A partial 16S rRNA sequence (about 450 nucleotides) of strain RZLAS was determined by direct sequencing of PCRamplified 16S rDNA, as described elsewhere (Denger and Cook 1997; Denger et al. 1997a) . The organism was attributed to the g-proteobacteria, where the highest similarity values were to the genus Aeromonas (88·2-90·1%) and to the genus Shewanella (87·0-88·1%). These genera are also facultative anaerobes, but with different patterns of oxidase, catalase and denitrification reactions (Holt et al. 1994; Krause and Nealson 1997) . Strain RZLAS could thus represent a new line within the g-proteobacteria. The organism has been deposited with the German Culture Collection, Braunschweig, Germany, with the accession number DSM 11480.
Quantitative aspects of growth
Whereas there was no growth in the absence of an added source of sulphur, there was equivalent growth with equimolar sulphate, commercial LAS, 3-C12-LAS, 1-(4-sulfophenyl)undecane, 1-(4-sulfophenyl)octane and 2-(4-sulfophenyl)butyrate; 4-tolylsulphonate was not utilized. Growth was accompanied by substrate disappearance. However, whereas the smaller organosulphonates were stable in sterile growth medium, there was a loss of about 25% of the commercial LAS and of the 3-(4-sulfophenyl)dodecane during the course of the experiment, whether boiled bacteria as a control were present or not. This control indicated that negligible LAS was bound to cell material. This loss of LAS, which was less extreme than has been observed elsewhere (Kertesz et al. 1994b) , was attributed to adsorption to the stopper when the culture was mixed.
Strain RZLAS grew exponentially with 2-(4-sulfophenyl)butyrate as the sole source of sulphur for growth (Fig. 2a) . The substrate was utilized concomitantly with growth, and utilization was quantitative (Fig. 2a, inset) . Two products from 2-(4-sulfophenyl)butyrate were detected by HPLC, one of which represented 90% of the peak areas involved and is shown in Fig. 2(a) (inset) . The u.v.-spectrum of this product (Fig. 3) indicates retention of the aromatic ring but, similar to earlier work (Denger et al. 1996; Denger and Cook 1997) , no identification could be made. This product from 2-(4-sulfophenyl)butyrate was identical (co-chromatography and u.v.-spectrum) with that produced by four isolated Clostridium spp. (Denger and Cook 1997) , so the same desulphonation reaction is catalysed in at least two very different genera. The desulphonation was not catalysed under oxic conditions, but it is not yet clear whether this was due to regulatory effects or to sensitivity of the desulphonation system to oxygen.
Strain RZLAS grew exponentially with 3-C12-LAS as the sole source of sulphur for growth (Fig. 2b) . The substrate was utilized concomitantly with growth (Fig. 2b, inset) , and utilization varied from about 94-100%. The specific growth rate was 0·2 h −1 and the molar growth yield was about 6 kg protein (mol S) −1 , giving a specific degradation rate in growing cells of 9 mkat (kg protein) −1 , similar to values obtained for other arylsulphonates with other organisms (Denger et al. 1996; Denger and Cook 1997) . Strain RZLAS grew with similar growth rates and yields when cultured with the other compounds tested. No product from the desulphonation of 3-C12-LAS was detected. Presumably, this was because the Fig. 2(a) involves the abbreviation SPB (2-(4-sulfophenyl)butyrate); the unidentified product is plotted in arbitrary units (peak areas) on the concentration scale compound did not elute from the HPLC column (Denger and Cook 1997) .
DISCUSSION
Linear alkylbenzenesulfonate can be desulphonated under anoxic conditions, so the concept that LAS is non-biodegradable under anoxic conditions (Painter and Mosey 1992) is untenable (Fig. 2b) . Sulphur-limited conditions, however, are not representative of anaerobic sediments, where adequate supplies of sulphide may be anticipated. Data from agricultural soils, in contrast, are increasingly indicating sulphur depletion (Schnug and Beringer 1998) so anoxic niches, where such anaerobic desulphonations (Fig. 2) could occur, are probably widespread.
Quantitative anaerobic desulphonation of arylsulphonates, apparently always with the same mechanism (this work), has now been found in Gram-negative bacteria (this work) and in four Gram-positive bacteria, all Clostridium spp. (Denger et al. 1996; Denger and Cook 1997) . In addition to these European isolates, an American isolate, also a Clostridium sp., desulphonates 4-tolylsulphonate (Chien et al. 1995) . This widespread reaction is apparently not catalysed by the same enzyme in all organisms because the substrate ranges differ. Strain RZLAS, unable to utilize the 4-tolylsulphonate common to the known Clostridium spp., is the only known pure culture able to utilize LAS. Meaningful hypotheses on the reaction mechanism will perhaps be feasible when a desulphonation product is identified.
Sulphur-scavenging enzymes in aerobic bacteria are subject to global regulation (Kertesz et al. 1994a; Beil et al. 1996) . Little information is available on anaerobes, though one aspect of the aerobic system is visible, i.e. the redistribution of sulphur after exhaustion of limiting sulphate (Denger et al. 1996; Denger and Cook 1997) . The best direct test for a global regulatory network, including scavenging for sulphur, involves 2-D protein gels (Kertesz et al. 1993) . Whereas the Clostridium spp. of Denger and Cook (1997) are unsuitable for this approach because they differentiate (sporulation masked any global network in Bacillus subtilis (Kertesz and Cook, unpublished) ), the non-sporulating strain RZLAS may be suitable.
